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Following the successful creation of a biobank from two adult Thoroughbred mares,
this study aimed to recapitulate sample collection in two adult Thoroughbred stallions
as part of the Functional Annotation of the Animal Genome (FAANG) initiative. Both
stallions underwent thorough physical, lameness, neurologic, and ophthalmic (including
electroretinography) examinations prior to humane euthanasia. Epididymal sperm was
recovered from both stallions immediately postmortem and cryopreserved. Aseptically
collected full thickness skin biopsies were used to isolate, culture and cryopreserve
dermal fibroblasts. Serum, plasma, cerebrospinal fluid, urine, and gastrointestinal
content from various locations were collected and cryopreserved. Under guidance of
a board-certified veterinary anatomic pathologist, 102 representative tissue samples
were collected from both horses. Whole tissue samples were flash-frozen and prioritized
tissues had nuclei isolated and cryopreserved. Spatially contemporaneous samples
of each tissue were submitted for histologic examination. Antemortem and gross
pathologic examination revealed mild abnormalities in both stallions. One stallion
(ECA_UCD_AH3) had unilateral thoracic limb lameness and bilateral chorioretinal
scars. The second stallion (ECA_UCD_AH4) had subtle symmetrical pelvic limb ataxia,
symmetrical prostatomegally, and moderate gastrointestinal nematodiasis. DNA from
each was whole-genome sequenced and genotyped using the GGP Equine 70K SNP
array. The genomic resources and banked biological samples from these animals
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augments the existing resource available to the equine genomics community. Importantly
we may now improve the resolution of tissue-specific gene regulation as affected by sex,
as well as add sex-specific tissues and gametes.
Keywords: FAANG, horse, male, stallion, biobank

Clinical Sample Collection

INTRODUCTION

Serum and plasma samples were collected immediately prior to
euthanasia via an indwelling intravenous cannula. Heparin and
EDTA whole blood was centrifuged at 2,000× g for 10 min at
4◦ C. Plasma was harvested, flash frozen in liquid nitrogen and
stored at −80◦ C. Whole blood in plain tubes was allowed to clot
for 30 min at room temperature, with serum collected in the same
fashion as plasma.
Ejaculated sperm and seminal plasma were collected from
ECA_UCD_AH3 at the time of ophthalmic examination.
Ejaculated sperm was unable to be collected from
ECA_UCD_AH4. Seminal plasma was retrieved by uncushioned centrifugation at 2,000× g for 15 min. The supernatant
was separated and centrifuged again before being passed through
a 20 µm filter. The supernatant and sperm pellet were flash
frozen in liquid nitrogen and stored at −80◦ C.
Immediately following euthanasia, the left testicle, epididymis,
and distal ductus deferens were removed from each horse.
The epididymes were removed and incised sharply transversely
at the cauda epididymis. Commercial semen extender was
flushed retrograde via the remaining ductus deferens. Recovered
spermatozoa were frozen in 0.5 mL polyethylene straws by
controlled rate freezing protocol and stored in liquid nitrogen,
at 323 and 455.5 million sperm/mL for ECA_UCD_AH3 and
ECA_UCD_AH4, respectively.
Synovial fluid was collected aseptically (by centesis) from
the left middle carpal, radio-carpal joint and the left medial
compartment of the femoro-tibial joint from ECA_UCD_AH3
and the right middle carpal, radio-carpal joint and left medial
compartment of the femoro-tibial joint from ECA_UCD_AH4
immediately following euthanasia. A veterinary clinical
pathologist cytologically evaluated an aliquot of each sample
within 2 h of collection. The remaining sample was centrifuged
at 2,000× g for 10 min at 4◦ C, and the supernatant was flash
frozen in liquid nitrogen and stored at −80◦ C.
Cerebrospinal fluid was collected aseptically via atlantooccipital centesis. A veterinary clinical pathologist cytologically
evaluated an aliquot of each sample within 2 h of collection. The
remaining sample was then processed in the same manner as
synovial fluid.

Sex bias in animal model-based biomedical research has been
a focus area for the National Institutes for Health (NIH)
(Will et al., 2017). While the influence of sex on experimental
outcomes is undeniable, the adoption of sex as a consideration
for experimental design has been slow (Zucker and Beery, 2010).
Genomic regulation is particularly labile to the effect of sex
(Lee, 2018). With the intent of cataloging the functional and
regulatory elements of economically significant animal species,
there is need for the Functional Annotation of Animal Genome
(FAANG) project to diligently account for sex differences. This
is of importance to the equine industry in which sex of animal
is an important component of management and use, such as
predominance of females in polo competition and males in show
jumping (Fenner et al., 2019). The increased resolution of tissue
specific genomic, transcriptional, and epigenomic data will be
of significant benefit to the progress of equine genomics. In
particular, the ability to more precisely characterize regulation of
genomic regions associated with traits pertinent to equine health
and performance are made increasingly more possible (Kingsley
et al., 2019). The objective of the current study was to augment
the existing equine biobank with male samples. We report here
the addition of two male Thoroughbred horses to the biobank of
two female Thoroughbred horses initially established in 2016.

MATERIALS AND METHODS
Animals
Two Thoroughbred stallions (aged 3 and 4 years;
ECA_UCD_AH3 and ECA_UCD_AH4, respectively) were
donated for this project. ECA_UCD_AH3 had been in racing
training and sustained a career ending musculoskeletal injury
prior to donation. ECA_UCD_AH4 had not engaged in
racing training, and is a son of the reference genome donor
Twilight. Approval for all protocols was granted by the UC Davis
Institutional Animal Care and Use Committee (Protocol #21033).

Clinical Assessments
Complete physical examination (including complete blood
count and serum biochemistry) was performed and interpreted
by two board-certified internists (CJF and CGD) for both
stallions. Complete neurologic and lameness examinations were
performed by relevant recognized experts (CJF and SAK,
respectively) for both stallions within 24 h prior to euthanasia.
Complete ophthalmic examination of the anterior and posterior
segment (performed by KEK) as well as photopic and scotopic
electroretinography (ERG) was performed on both stallions
within 48 h prior to euthanasia.

Frontiers in Genetics | www.frontiersin.org

Peripheral Blood Mononuclear Cell
Collection
Whole blood was collected in EDTA tubes 24 h prior to humane
euthanasia. Using density gradient centrifugation, peripheral
blood mononuclear cells (PBMCs) were harvested as previously
described (Hida et al., 2002). Briefly, whole blood was overlayed
on a double gradient of 1,077 and 1,119 histopaque media
(Sigma-Aldrich). Then, samples were centrifuged at 700 g for
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runs of homozygosity (ROH), a measure of diversity, was
quantified in DetectRuns (https://github.com/bioinformaticsptp/detectRUNS/tree/master/detectRUNS) using the method of
Marras et al. (2015). Analysis parameters required a minimum
of 15 SNPs, maxOpp Run = 1, max MIssRun = 1, maxGap =
10,000,000, minLengthBps = 100,000. Whole-genome sequence
data of the stallions and mares were processed and variants called
according to the pipeline outlined in Sieck et al. (2020), with the
exception of mapping to the EquCab3 reference genome (Burns
et al., 2018; Sieck et al., 2020). Bi-allelic autosomal SNPs were
extracted from the resulting vcf for ROH analysis in the same
manner as used for the SNP data.
Additionally, in an effort to provide extensive phenotyping
and genotyping for future studies on pigmentation biology,
both stallions were genotyped for coat color loci using the
commercially available horse full coat color and white pattern
panel
(https://vgl.ucdavis.edu/panel/full-coat-color-patternpanel).

30 min with the enriched PBMC layer carefully removed, flash
frozen in liquid nitrogen and stored at −80◦ C.

Tissue Specific Sampling
Full thickness skin biopsies were aseptically collected from the
area overlying the left gluteal muscles for dermal fibroblast
isolation and cultured as previously described (Raimondi et al.,
2011). Briefly, biopsies were washed in ice cold PBS with the
addition of penicillin and streptomycin. Fragments of the dermis
(2–3 mm2 ) were placed into a 24-well tissue-culture-treated plate
and covered in complete media (Dulbecco’s Minimum Essential
Medium, 20% fetal bovine serum, 2× non-essential amino
acids, 2 mM L-glutamine, 2× penicillin/streptomycin, 2 µg/ml
amphotericin B, and 1 µg/ml fluconazole). At confluence, cells
were trypsinized, counted, and seeded in a 12-well plate. Cells
were passaged and frozen at passage three and four in a
DMSO-based cryoprotectant media and stored in liquid nitrogen
(Raimondi et al., 2011). DNA isolated from whole blood and
from cultured fibroblast cells of each horse were genotyped
and compared for 15 standard genetic markers (fourteen
microsatellites and one sex link marker amelogenin) routinely
tested for use in identify and parentage testing services as the UC
Davis Veterinary Genetics Laboratory.
A total of 102 issue samples were taken from all body systems
(Supplementary Table 1). Sample stations were arranged in
teams, with a veterinarian overseeing each team to ensure
appropriate tissue identification. Additionally, all tissues were
examined by a veterinary anatomic pathologist (VKA) for gross
abnormalities prior to collection (Supplementary Table 2).
Tissue samples were collected as previously described (Burns
et al., 2018). Briefly, samples from the most representative
portion of each tissue were collected and preserved in
10% buffered formalin for histopathology. Samples for
nuclei preparation and tissue banking were taken from sites
immediately adjacent (proximal and distal) to the representative
histopathology sections and flash frozen. Nuclei isolation was
performed as similarly to that described for the mare biobank,
with the exceptions of testis replacing ovary and C6 spinal cord
instead of T1 (Burns et al., 2018).

Pedigree Analysis
Individual inbreeding coefficients (F) were calculated from fivegeneration pedigrees of both stallions and the previously sampled
mares (Burns et al., 2018) using Pedigraph (Garbe and Da, 2008).

Karyotyping
Sodium heparin stabilized whole blood samples were collected
7 days prior to euthanasia for karyotype characterization.
Karyotypes were generated for each horse using the previously
validated Pokeweed-stimulated lymphocyte culture (Raudsepp
et al., 2010). Thirty metaphase cells from ECA_UCD_AH3 and
ECA_UCD_AH4 were captured for analysis. Genomic DNA was
isolated from lymphocyte cultures for PCR detection of the sex
determining region Y (SRY) and androgen receptor (AR) genes,
as preciously described (Raudsepp et al., 2004).

RESULTS
Clinical Assessments
ECA_UCD_AH3 had several mild abnormalities apparent on
clinical examination, including a grade III/V left thoracic limb
lameness [AAEP scale (Baxter, 2020)] and chorioretinal scarring
of both eyes. Scoptopic ERG data for both horses is provided
in Supplementary Table 3. No other abnormalities were
detected antemortem for ECA_UCD_AH3. ECA_UCD_AH4
did not have clinically detectable lameness, however, a mild
grade I/V [Modified Mayhew scale (Furr and Reed, 2015)]
symmetrical pelvic limb ataxia was detected with a presumptive
neuroanatomical localization to the cervical spinal cord. No
other abnormalities were detected for ECA_UCD_AH4 on
clinical examination. No abnormalities were detected on
complete blood count or serum biochemistry for either stallion.

Genotyping and Whole-Genome
Sequencing
Genomic DNA was isolated from whole blood using a
previously validated technique (Burns et al., 2018). Wholegenome sequencing using an Illumina NovaSeq (150 bp pairedend reads) platform was performed at Admera Health, LLC
(South Plainfield, NJ), targeting 35X coverage for each horse.
Library preparation was performed using the KAPA library
quantification kit for Illumina (Roche Holding AG, Basel,
Switzerland). SNP genotyping was performed using the GGP
Equine 70K SNP bead chip array (Neogen GeneSeek, Lincoln,
NE). Genotype data were merged with those collected from the
prior sampling effort of Thoroughbred mares (Burns et al., 2018).
Marker positions were translated from EquCab2 to EquCab3
using the NCBI Genome Remapping Service (https://www.ncbi.
nlm.nih.gov/genome/tools/remap), removing markers that were
not mapped to any of the 31 autosomes. Using SNP data,

Frontiers in Genetics | www.frontiersin.org

Clinical Sample Collection
Serum, plasma (collected in EDTA and heparin tubes), buffy coat
and urine were collected from both stallions. Seminal plasma
and ejaculated spermatozoa were obtained for ECA_UCD_AH3
only. Epididymal recovered spermatozoa from both stallions
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intestinal segments. Gastrointestinal segments had marked
lymphocytic and eosinophilic infiltrates consistent with
gastrointestinal parasitism. ECA_UCD_AH4 had marked
prostatomegally grossly, but was without abnormality on
histopathology. There were no gross or histologic findings
of the central nervous system of ECA_UCD_AH4 that could
explain the mild sensory ataxia. There were no other significant
histologic abnormalities. Summary of all pathologic findings are
summarized in Supplementary Table 2.

were successfully isolated and cryopreserved with adequate post
thaw kinematic parameters (Supplementary Table 4). Synovial
and cerebrospinal fluid samples were cytologically normal
(Supplementary Tables 5, 6). PBMCs were successfully collected
from both stallions.

Genotyping
Achieved coverage of the whole-genome sequence data was
38.7 and 37.5X for ECA_UCD_AH3 and ECA_UCD_AH4,
respectively. Relative to the reference genome, between 5.4
(ECA_UCD_AH3) and 3.8 (ECA_UCD_AH4) million variants
were observed. Data are publically available through the FAANG
consortium. Combining the 70K genotype data of the stallions
to that from the two mares and removing variants present on
sex chromosome data and on unmapped contigs, 59,823 variants
remained. The count of ROH per horse was similar (498–503)
for all four horses, except ECA_UCD_AH4 (280). However,
ECA_UCD_AH4 had a greater number of long (>8 Mb) ROH
than all other horses (Supplementary Table 7). Considering
SNP data from WGS, between 1,822 (ECA_UCD AH1) and
2,867 (ECA_UCD AH4) ROH were observed. Five-generation
pedigree-based inbreeding estimates ranged from 0 (ECA_UCD
AH1) to 0.344 (ECA_UCD AH4).
Genetic profiles from cultured fibroblast cells matched to that
of the expected horse (15/15 markers matched for each horse,
presented in Supplementary Table 8).
ECA_UCD_AH3 is genetically defined as a bay horse (E/e
A/a) with one copy of dominant white 20 (N/W20), while
ECA_UCD_AH4 was gray with a bay base coat (E/e A/A)
before graying out and was homozygous for dominant white
20 (W20/W20) (all coat color genotypes are presented in
Supplementary Table 9).

DISCUSSION
We report the successful completion of the male equine biobank
for the FAANG consortium. This project has added 102 tissues
from two stallions in addition to seven body fluids, one cell
line and spermatozoa to the biobank for use by the equine
research community. This study recapitulated the guidelines of
the original equine tissue collection, demonstrating that this
method is repeatable and appropriate for this type of endeavor.
Stringent phenotype information both ante- and postmortem
are a critical feature of this biobank and lends strength to the
interpretation of results of subsequent studies using these tissues.
Similarly, it also establishes the boundaries for the interpretation
of data derived from this biobank. This is especially true
for the gastrointestinal tissues that had lymphocytic and/or
eosinophilic infiltrates. Previous tissue collection from both
mares also had a similar infiltrate pattern in the gastrointestinal
sections to the stallions described here (Burns et al., 2018).
While this makes the direct comparison between male and
female samples more consistent, it underscores the necessity
to perform detailed phenotypic characterization of the tissues.
The available phenotype information was expanded in this
data set with the addition of ERG measurements. Further, this
additional information enhances the ability to select tissue with
the most normal function or, at minimum, document pathology
that may affect future assays. In this case, the left retina from
ECA_UCD_AH3 with an abnormal waveform was not used for
the tissue bank, with the normal right retina retained.
The available whole-genome sequencing and SNP genotyping
data from these horses to accompany the biobank and pending
tissue-specific regulatory information will assist in future
genomic investigations. In this sampling effort, the availability of
a stallion closely related to the mare from which the reference
genome is based (Twilight) is expected to provide high accuracy
mapping and allow for more in depth investigations of achieved
vs. predicted inbreeding. The intentional inbreeding that resulted
in ECA_UCD_AH4 (by breeding record) was corroborated by
the frequency and relatively large ROH as identified in the
analysis of the SNP genotype data. This also highlights the
limitation of this biobank, as it is restricted to a single breed.
Future investigation may need to include more diverse biologic
replicates to account for between breed variations in gene
regulation (Li et al., 2012).
While the equine FAANG project has not progressed to
the level of the ENCODE project in humans, important
data have already been generated from the equine biobank

Karyotype
Both stallions had a normal 64 XY male karyotype with no
apparent structural or numerical chromosomal abnormalities.
Both stallions were positive for the SRY and AR genes.

Tissue Specific Sampling
Sample collection commenced 30 min following euthanasia and
was concluded within 3 h for all tissue samples. Samples from 102
tissues were collected and flash frozen (Supplementary Table 1).
Sixteen of these tissues also had nuclei isolated and cryopreserved
(Supplementary Table 1).

Pathology
Gross examination of ECA_UCD_AH3 was without
abnormality, except for a 15 × 2 × 1.3 cm firm area at the
caudal margin of the left caudal lung lobe. This area was
therefore avoided for sampling. Histologic examination
of the area identified locally extensive fibrosis, Type II
pneumocyte proliferation and alveolar histiocytosis, which
is consistent with a previous pulmonary inflammatory insult.
Mild lymphocytic inflammation was noted at several sections
of the gastrointestinal tract, but were considered incidental.
Gross examination of ECA_UCD_AH4 revealed marked
gastrointestinal nematodiasis throughout the large and small
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